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9cllistio Test of 5 ~~Titaenium~ Armior Plaetes
.6. ieta_-iureigioa1 2emiinaition 6-2 Plate 1it

PAPT A

SYNOPSIS

Uinýr 'trnt. waa (sonduoted to de~termine the rative ballistic
~~2 -t~ ffive -5/80 R~emington titanium gifes *aiff oneý

~~~ltl 5/8" titanJUm p late foe - yA e~r1Otx etr
Q)~Q3t Ugt aad tinish.d by trollift. " Metallurgical

."D a aew :!parted on the Wntial. plate ua~ibtted by tho

Ariit e~~ 40 AM W C*4Ogbo~r .50 AIM* 0$1208 et.
tu P1t S* at elk*te

0o 09370 'inabiW is~ SQ_ O Upir IIO

vutw Md -li at *#l1) -O ot1qii

T5.t~~~iidw~~ ... .1b~ .OR .IS .S .t .?&a .S4 3 ....

w bs~oti~o Iss a~wm,*wo b~VePUut ~I1
O6epi4. tiron r *# CUB In the pro.sat - hw08 O Wt 9mu .0t, (
armopc e*~ nd Uon the peewibl~ty of I evin" tho pi'smit b~lllistlo

5. A MitelliwgI08l 3XeminetiOn Of Ofte of the betteWt titaniium
,.jror plat*5 showod a oharaotarisiato equt-azed grain structuire
\,;lkioh aloo had a preferred crystal orientation developed in the
prooeas of rolling end annoaling. The profex'rod orientation~
pr04wuoei maxi - m herna4ze' n jaa irootjon aorose the thickness of
th-e-plato and sou~~ld help penetratt~m resistance*
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Ballistl Teat of 5/8" Titanium Armor Plates
and Istallurgioal Rxadaination of ?leat' M

~~- - - -a - - -- - -

6. The oriented etruatutre was oens effective ballistically
when the plate was finished in the maximum oold-worked oondi-
tion but subsequent ezperimental annealing restored some of
the lost. ballistic quality.

7. When the otientation was removed by trohsforming the
structure at high tempereture, the resultant structure was
defigient in strength with indioations of poorer ballistic
quality.
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Ballistic Test of 5/811 Titanium Armnor Plates.
and k*etallurgica1 Examination of Plata~ iR
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Ballistic- Test of. 5/8" Titanium Armor ..Patea....
and Metallurgical EXamination of Plate IR

- - - - - - - - - - - - -& -W - - - - - - - - - - - -

PART B

1. AUTHORITY:

Thi•s test was authorized by references (a) and (b).

a•. BWORD ltr NP9 (Re)9-128) to NAVPROV of 27 April 1949.
b.,•U•WRD Itr L4•3(ll)0•LR -1128) to NAVPROV of 27 June 1949.
es NaTal Research Laboratory Firat Preliminary Report

on Ballistio Studies of Metallio Titanium, Advance

do R hm Co. itr to BtTM of 20 December 1949.
a. Titam RBeport of Bymposium, Office of NTaval Researcho

.16Do.me * 98.
t. TIntaznnu 8ya•osium, Industrial and 3ngineering Chemistry,

gn. Reoin. Arm. Co. ltr to BWORD of 6 Zanuary 1950.

Sinoe titanium is a relatively new metal soe, of its
properties uhich might Influence the ballistic quality are
listed below.

Titanium is Intermediate in der-ity between 248-Tk aluminum
armor rnd steel armor. The metal 4ue a high melting point low
tber=m expansion and low heat conductivity. In common with
zirconium it has a strong tendency to seize other metals in
frictional contact. The crystal structure of titanium is
olose-peoked hexagonal in contrast to the body-centered cubic
crystal arrangement in steel. Titanium has an allotropio modi-
fication at hig.4 temperature - beta titanium - which has a
body-centered oubic structure end which devolops in the pure
metal near 161507. Carbon, as titanium carbide, is found in
signifloant amounts in oommeroial titanium. The carbide is
relatively insoluble in both the low temperature alpha and high
temperature beta modifications and therefore does not have a
hardenIng function as it does in steel.

tAONFIDY11VIAT2 4
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Ballistic Test of 5/8" Titanium Armor Plates
and MettT1ur1oai.. Examination of Pla... R

- - - - - - - - - - - - - - --- - - - -

A1, hough very pure titanium is available in small amounts
for lc'ioratory uses, the prospective metal for commercial use
Oonta.:d, s small amounts of other elements which modify its
prope:Itoes. Remington Arms Company vacuum.n.aro-molted titanium
has a nominal composition of 99+% titanium, 0.3% carbon end
smeller amounts of oxygen, nitrogen, iron end other elements
(refe:?enue (d)). The R. I. duPont de Nemours & Company also
producos titanium metal ingots by Induction melting in graphite
which have a higher range of carbon content (0-3 to 1.0L). The
commerdial metal can be forged and rolled to plates such as
might be used for armor.

Tvo recent symposiums on titanium metal, one conducted by
the Office of Naval Reseorch (reference (e))and the other by
the AMirican Chemical Society (reference (ff)have provided
information which is ,rsed in this report.

A 6onfersnoe on t•e production of the Remington titanium
amor •1ete deeoribed in this report was held at the Navel
Provire, Ground on 10 November 1949 snd was attended by the
followng representatives from other activlties: W. L. Finley
and 0. I.. Bradford Remiugton Arms Company; WP George end
z. T. f•zpin', Ifand Research Laboratory,;R. W• Freeman4
BuetaU of Ordnance (Re3a). At this conference the ballistio
". U lt 04'.,V•!ete 1R were reviewed and it was decided that the,
Most ft•aible experimental variations in the manufacture bf
t'e resr, ining plates were to increase the amount of kneading
.urlA foraing eMn to reduce the extent of annealing after
o3LrC,#So of the material was left as forged billets
hioeh o6uld be rollod into plates later. Because of the

pioneel' nature of this work, ei chemical snd metallurgical
examination of each plate was decided upon to esiabliah basic
information on titanium armor plates.

4. 0BJECT OF TEST:

The test was conduoted to determine the comparative ballistic" Dprties of fwe 5/8" Remington t-ibanium armor plates and one.

experimsental 5/8" titaniuc, plate forged by the Naval Gun Factory
from a duPont ingot and finished by rolling. The motallurgical
properties are reported on the initial plate submitted by the
Remington Arms Company.

CONFIDIATIAL 5
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Ballistic Test of 518" Titanium Armor Plates

5, I>ZRIOD OF T!MT:

Date Project Letters 27 April 1949 a--2
27 June 1949 "

~.Date Necessary Material Received 18 October 1.949 to
February 1950

Date Commonoed Test 10 November 1949
~.Ballistic Test Completed March 1950
>Partial Metallu~rgical March 1950
Examination Completedi

6. DISRIPTYN OY ITEM tJND TIST:

1ý total. of eleven. pltoa havae bm xrva
Groum4. The table below i.4eztiifie. st

rmanmB'4cturOt, xwtbod of febrloption, ip.zeu, tsu~te ot
bal],J3stio tenting.

414 5/8z20x20* khAiard-A. 8Stanftv4.D P~rtftt..'C
3R415 G/ftdwOxf Otaz~kd -A )hx.aoo1 wok- ?1t.

4a1 407 51*40xgO' 1ki. tb&dilg-8 Jkx~oold workE Fired
6R48 MWrOdO Nhx.nMwding-B X=zOooid work-E PS&t Firett

61 445 3/fux2z9* HkzJ~nedig-B Ifts.cold work-A Bold
448" 3/&d22Z29" ibx.Kneading-B *xecold ,rork-E mIbd

SR514 I14Ax13xl3" *x*zKnoadiag-B F sold
446 142313 Max~din~wmD -- -. F -- - Abld---

IOR 540 1-lAxl3xlS" J&Ix.Kntoading-B F Hold
ID <!*Pont & OP No dateL 5/W4,4i81 C G Fired

Xote:s7 on Forging arnd Rolling Treatments:

A - r;7.',andard Remington for Ing practice: forged under a 1200 lb.
-)mmor to a billet 1-1/2 x 14. x 14" with seven hestings to
'50)F, billet ground before rolling.
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Ballistio Test of 5/8" Titanium Armor Plates
S... ............. 1I8et •lrurgioat -•xarnintez•- or-Plet -lR* .-•..

-a - - -- - -- -

B - ror ing for maximum kneading: same as A except approximatcly
50 more kneading during the forging operatiorq.

C - Forged at the Naval Gun Faotory, using an 8000-1b. drop
haminer, to a billet 1-3/4" thick, forging temperature 1875*F.

D - Standard Remington rolling practice: rolled on hot jobbing
mills to 5/8" thickness, with three heetings to 1750*F and
six passes per beating, annualed 1-1/2 hours at 1450OF, air
cooied, roller leveled for flatness.

I - Rolling for meximu? cold work: similar to I? except rolled
with as little heat as possible and with no anneal after
the rolling operation.

F - Lift in "as forged" condition.

0 - Pilled by Allegheny-Ludlum to 5/8" thickness. Plate was
fiattened at the Naval Gun Factory by beating to about
1,10F and pressing, air cooled. "

Mton of the above zioamstion on Remington forging and rolling
treatmto web obtraes fts representatives of the Remington
Arms CoMezky at the Navevl Proving Ground conferenoes Most of
this informmtIon Is probably elasued as a 0trade-msecret" by
3a. fte Inf3ormtion- M h waS speifoitally axemptode rom
the trade Sorot olassification was given in the followIn state-
meat by the Rgaine on Arm 0oinany from reference (d).

"The mateial belng shipped to you was produced by vacuum aro
melting end casting of an Ingot from commercially pure titanium
apoage the ingot then being forged into a billet and subsequently
hot-roiled to present dimensions. Neither physiaol nor chemical
propertioe have been analyzed. The nominal composition of
ooamercially pure titanium in:

Titanium 99+%
-Carbon 0.3%, approximate_
O x yge n F . . ew one lundradtV ...
Nitroen) to a few tenths
Iron ) percent. each.
0thor Elements Trace".

C01!FIT3NAL 7
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Ballistic Test of 5/8" Titanium Armor Plates

Tbe foJ.low4ing analytical. date on three of the Remington
Plates WMs given in reference (a)

Plt NMbrcarbon Nitrogen

k44 (NP-G No. 2R) 0.28 01-013
415 (MNpNo, 3R) 0.00.010
407 (MP No. AMi) 000O 0.013

Pla'te No. ID we$ f Orged frMai duPont Ingot whie1k had a
oarbon content of about, 0-700. The plate was returned to the
Nav8l GMn P8Ctory in, a buckled condition after rolling and was
flattened by heating to forging tempo ture and pressing.

7. RMUMT AIM D=SUSSIONW.

a* Ballistic Teat

The details of tho ballistic reaults on seah plate are
given in 4pp~enix (D) an4 the results are smaized inTable- Xj

Appedix B),Photographs of the plates aft-or bs3.listio t~st!.ng
are included In Aplandix (A) as Viaures I to 10t inoluui~ve. Tba
testing procedure a described La Appendix (9).~

The tebi, given below lists the average ballistic. limt
ooeff*,oieat tor the West tit~nium plates and, fo1r aomparson,
the averags ballistio limit coefficient of other light arm=r
wAterials.. These limt ooefficient a have been calculated W~sng
the Vp$O lixltgý. The Vpminu Jirats or spacificationu require..
ments against 20m HE loaded and fuzed projectiles for the
various maetrials aer also liated. The values repweaent-per-
formanoe for a g'.vsn oquivalent steel tbickneas at to feellitate
comparison between elloys of diffesrent density.

CONFIDENTIAL8
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"- IIstI6" TEs6 T O,?5/8 Vitdftium Armor Plates
and Metallurgical Examination of Plate 1R

- an S - S - W " - s - W - - 5 - t a - - - - - 0 S - - - ' 5

Equivalent Call. .50 APU.-O* Cal,.30 APM2-0 "Vpmin"
Steel Limit Limit Limit

Thickness Crefficient Coeffiocent 20on HEmaterial e, _ j'. .._.je'/d.Q) 20

T.tanium 0355 65,300(1) 70,800il 2394 f/(

(Av, of Plates
INP Nos. 1R and
2R)

Paoe-Hardened (2)

faoe-Hardened (4) (3)
Arr01380 76j,000 2617 f/S

Homaogeneous Air- (4) (5(f3)craft Arnor OV393 59,,600 65,9600 2694 T/a

248aý4 Almuinwi 1)
.Alloo 01355 65,00oo 66,200(6 2320 5

17ot, es -

(11) Aveeae of plates IS and 2R# oonsidered tS beat overall,
plAtes.

(2) Averae limtt ooefftient ibr 61 aooeptanwe plate-,

(3) XUln requiremats of applipable a•rozr speoifications*

(4) Average of plates reported in NPG Report No, 478
of 19 Jemary 1950,

(5) Averavs of 10 aooeptanoe plavte,

(6) From average perforsanoe cuwve based on al! 24.-T4 almi•um
alloy plates tested betwen 1943 and 1 February 1950.

(7) As predicted by the perfomanoe ourve (WOPG Photo No, 21190)
oontained In NPG Report 13-43 of 10 August 1943,e

CON1IMSMiUL 9
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Ballistic Test of 5/8" Titanium Armor Plates
44d Metallurgical ZxaEination of Plate 1R

-m• e - o -n C -m am a -m -g n aq - -m ap - -n o aP -e m S• Sm -m Sm - -n

Plates iR and 2R manufactured in a B•inmilr manner by
standard Remington praotloe, exhibited the best overall ballistic
performance of the titanium plates. This was based primarily on
the fact that these two plates gave the highest penetration
limits against Caliber .50 APM2 projeotiles at 0 obliquity,
although some of the other plates were &ligltly better against
Caliber .30 APM2 projeotiles. The performance against Caliber .50
ammunition is considered to be of prime importance because this
type of attack is considered likely to occur in service and also
because ar=r of this weight (approximately 14.•5 pounds per square
foot) is generally employed for protection against Caliber .50
ammunition.

A graphic comparison of titanium with other typos of light
armor is given in Figure 11 using the Vp5O limit criterion.

From the table and FIeurs 11, the following comparisons
with other types of light armor currently In use by the Navy are
indicated..

(1) The averae pertmaenoe against Caliber .50 AP2
pIrojectles at 0a obliqmity of the two best titanium plates
(Ii vzd 2R) is ,uper.or to thbit of homogeneous aircraft steel
armor, equivalent of 24S.T4 alpmlnum alloy arnor and inferior to
fOQs-har'dened steel azuor.

(2) The average perfomanee against Caliber .30 AP92
projectiles at 00 obliquity or the titaniua plates is superior
to homogeneous aircraft steel azror and 248-T4 aluminum alloy
armor and inferior to face-hardened steel armor.

(3) The oombination of strength and ductility present
In the titanim plates iR and 2R gave higher penetration reslsatfnoe
against Caliber *50 APM2 projeotiles and slightly lower
Caliber .30 AM resistanoe than did the combination of pro-
perties present In the other titanium plates tested with both
calibe•s - 3R, 4R, and DM, After annealing (1-1/2 hours at 1450•)
plate 3RAs equivalent to 1R and 2R against Caliber .50 AR12
projectiles. Annealing plate 4R MQ1td in some improvement but.
not as much as in 3R. Plate 1D when annealed (-.ow cool from
130001) did not show any improvement.

CONMFf•TAL 10
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BaiXstio -Test -of. 5/49s Titanium ~~~~a~s ~ -

and 1Aeta1Thrgioal Exmination of' Plate ).R

(4) The shook propenrties of plate iR against 20mm HEfuze'a projectiles at 209 obli quity were inferior to those of
hotmageneous aircraft and face-ha~rdened steel armor and superior
to 24S-T4 aluzainui alloy armor. This statement is based an~ the
minimum protection limt "Vpmiii" and the fact that, craeking was
not excessive. The shook performanoe of' the other two titaniumi
plates tested DR and 4R. rolled with maxirdum cold work) was
inferior to that of plate 1R in that the "Vpmin" Mimits Were
lower ~Table 1) and the degree of oracking vas greater (Figures 2,
I.. and ý) * nxealing'3R anid 17t probably would have effected an

10Proi'emeat in shock resistance but sufficient material wast not
avxailable four testing.

?The r'esults reported herein show the ballistic limit
eoetficiant, iI(ef/d#O), of the best plate (4n1) teuted against
Caliber *30 AlPU2 to be 72,800 at 0* obliquity# The ballistic
limit coefticient calculated from. earlier Naval Research
Labor~tory resultis on =mall s~plea (plate V4. referenoe (o))
Is 78 600. Thie difference ini ballistic performanee reported may
have Gasn due to Uncertainty from the limited num~ber of impacts
obtained on the small sample available for test, An reference (c).
Some~ differences In metallurgical properties were also observed,
ttcoording to the tensile test data discussed lat.,r., the material
in D4ate V4. had a elightly better combination of strength and
E'uatility than plate 1R whio~i had an 7 value of' 69.,600 against
Caliber .30 omimunition.

The Remington titanium plates maed by standard practice
had the best all-around ballistic properties, Plates in whibih a
certain amount of cold work was left in order to increase hard-
ness were deficient against the Caliber ,50 .AMP2prOJOatiless
apparently-bocause of the accompanying decrease in ductility.
Tihe progress of metallurgical work so far has indicated that a
final annual applied to these work-har'dened plates will improve
theIr Caliber .50 penetration resistance.

The duPont plate 1D was slightly inferior in Caliber .50 --penetration resistance to the work-hardoned Remington plates but
annealing did not improve the duPont plate,, so that the cause of
the deficiency apparently was not work hardening.

CO!MYDENTIAL 11
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and Metallurgical Examination of Plate 1R
~-- - -. - - -- - -

be Penetration Mechanis~m
)r The hardness pattern of cold.vwrked metal surrounding

ke an incomplete penetration of a Caliber .50 APIA2 core is repre-
Is sentad kn Figure 12. A oonsiderable volume of metal was workM1 hardened in absorbing the projectile energy, This impact was

one of a comparatively few. in which the base of the projectile
oore oracoked off during penetration. The longi1tudinal- etched)s 2, section of this same impact Illustrated in Figare; 13 revealed

I the veins and cracks resulting from shea~r stress and also tba)t tormation or petals at the back of the plate. A transvlerse
etched section ot' another Calibem @50 impact in Figure 14(a)
stiwed vaein running out from the cooze. There did not seem to
be any algal~fleant mode of formation of these veins other than
an obvlous concentration of shear dofomaatiou surrounded by
ocaperatively undisti~rbed metal* The veins were a location
for inoipitent aracks as shown by the path of rupture In

lieyr 1b).
;sUMumimetion of so=e of the complete penetrations shovad* ~that the lead plug over tJke noise of the APM cores ten~ded to

id. cost. the insiale of the hole In the plate with a film of we..al talik lead* This effect is Illustrated in Figure lidb. Th
fibii obviously wo..ild prevent direct frictional contact between
4ýIw steel 0ore and the titanaium during penetration. Some
caliber .50 API rou&q0 which had nw lead plug were fired

ie against plate 1D but the remults were the same as with the
a AM~ rounds* Based on these results, it vould seem that the

tendency of titanium to fteize" other metals In frictional
0co1tact Is not a significant factor in its pen.-tration
resistance*

Heating of the oontact surfaces during projeatile.
o ~penatration seemed to have ocaurred in suffiuiient amount to

draw the temper slightly in the outer surface of the hardened
50 steel dart, This aondition is illustrated in Figures 16 and 17,

lut Irrn t~e above observbtibns on projeotile damage, it isof concluded that comnreroial titan..um has only a little more effeet
on the Caliber .50 AM2 core than 248-T4 altiminum, which praoti-
cally never damages tho projectile at 0' obliquity.

CON-V~IUMDL
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Ballistio Test of .5/8"1 Titanium Armor Plates
- -and'Mt~lu~gi~ hxamifiati6fi 6f &ltla

o. Wi~eMiOa2 AknalygiS

Dat~a obtained on the composition of' plate 1R ar6 givetL
in Table IL. The carbv,'. content. varies somewhat because of' local
segregation but it is believed that the average value for the
plate is between 0.40 and 0,50%. The nitrogen and iron contents
ake low and in line -with the expected values for Remington
titanium. Samples for o~qygezi detenninat-lon havo been cent to
the Naval Researoh Laboratory, There is as yet insufficient
data to perm~it a correlatiou of composition with ballistic
properties., If good ductility is desired in cooiwroial titanium,the carbon and nitrogen should be kqipt relatively low, accordinig
to reference (f),

d,j Vicro structure

The form of the Insolu~ble carbide partioles robetbzl
has anffeat on ballistic performnce,. A uniformi dspernion

of =al~l rounded particles generally Is considered to be the
prefwerre struaftm inother usat~rials. The1 typical carbide
diStr~bUU04Ion V)At8 3B 1z illustrated in Figurxes I8 and.19.
Although fairly woll slioersod., the carbides are scaewhat
slongmate Ain the direetion of rol34ng and flattened on the
eidos paraillel-to the plato surtaoeo A eubstantial amount of
kneadi"s to -break up tize carbides appears to be desirable In
the aaauftature of titwndma for ballistic plate-so

ihe miorostruoture developed in the manufacture of
plate lR-.wee composed of rather large equi-azed grain of alpha
titanimu,

Grain structures of longitudinal sect ions and of
seations parallel to the surface are shovn in F.Ikgures 20 ean 21,

The alpha-beta transformati,ý,r series in Figuire 22
7. illustrated another type of alpha tizaniuzn grain structure pro-

duced by e~qerlmental heat treatment. By heating at increasing
temperatures above 16O000ra the bete' transf'ormat~on was :round
to stert at the boundaries of th6 ecul-axed alpha grains, then
begin at inolated spots within the grains and finally extend
completely through the struoture at 1750*F or above* On coolihg,
the beta pbase apparently reverted completely to alpha since the
density remained constant. The alpha phase now had an angular
structure characterized by groups of parallel element-s. This is
a chara(.teristic structure observed when transformation occurs

CONIM~TIAxL 13
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l~slisd Tet 4/8"Ti~tanium Armor Plates-
and keitallux'gical Exam ina tio n of Plate -lyl-

t3flon aOZ,-ysta1ogrephI~o pianos mind is nariod "Widmansti1tton" after
i~ho dJ.quoverer. 13r simpliflontion in this roport, the equi-axed
alpha and lidmanst~tten alpkvi will, be abbroviated as Es-alpha and
W-alpba r'espectively* The parallol pattern in WI-alpha Ise more
olosely spaood in quickly cooled metal. but evidence of the pattern
is retai~ned in more slowly cooled specimens as Bhovin in Fig-m
uros 23(b) and 25(rs)e Metallographic work on plate iR led to the
discover~y of' a combination etabing technique ("C" and "B" solutionB)
whioh proved vory sensitive to the laniellar struature in W-alpha
titaium, The example In 7igure 24(b) ohmws the dark "riba"
frrougtit out by this techniq~ue.,

The ribs presumaabl~y represented botindaries between dit-
terent oz7atasloograpfrm orientations, althou.gh there was somen
possibility that a r(ý ,4-cted aonsti1uent might have been presenat'
A1 80WMM1 0,t tMl used.. ~ In pi'epoing ̀specimwn3 for metalw
ltpbiAo ezaMinati ae in Appendix: (0).

Otu~ee are also foUnd under suitable

1W~O&d-1o~.p~od ryetal tutr 1mhaIn"' 04pM 10~4"Ui it" ool Wbked the detorz11mton produoeu-:
Q*~LiOl w jaaw1thjL* thoe Vains. -T'his is a ductile type of

dofaptktO~n-w~ith ooibsidorable oapacity for erker~gy aboor'ption * A
typical twinned sotwt~oturs' ot-equl-axed alpha titanium in the
vicinity of' a rjeotilo. penetration through plate iR Is ahown
in Figm-a 25(bO Athouah the twin's appear as parallel lines;
thle structure has no iE tion to the WidmanstAtten pattern
obtained by heating in the alpha-beta trarisfonfiation reange.

CO'1ITFI 1,NI 14
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Ballistic, Test of 5/8" TitaniumA- rmor Plates

and !Met1l~ukgi~al*=amtnat~rh- ,t2ly el

o, Mochanical Properties

T.h~e looation of test samples is given in Figure 26.
T~asile v,ost data on plate 1R in the condition as received from
Uile manu,.,aoturer are giveni in Table III* A comparison of the
average 'malues with plate V4 of reference (o) is given below:

Rleduction of
Zlonga- Reduc- Daee

Tensile Yield tion in tion Ua or Minor
Sat~oe Stran th tran gth 4D of Area Axis Axis

lIi '72 85,500 770700 21*4 40.2 8.7 34*.5
V4 mu. 93,000 .1 54. U 25

Thia qowjpax15oR4 would indicate that the n~tal. in V4 vw a'8~ie
*andW More, (4etil.e "thani in the. 12 plftte,. ~

also' 4. i the 1itat nd is ii.sfAt0ap x~W~~
¶~he '1on~ a~ad~ *f the *l1ip w per'ponao~* 'o tel la

Fro th t' gveninWthe table aboveth 'io"ij'
axip/uiinor'saziýi was 1.4 for IR iind- 14 roT.14. and the ""fore 1h
latoter in aeffUme to have had a greiktsr eiounvt of anii~tropys

A xt*4y -of the se uifrectional properties vwi za4 .ato
determine what would happen If the titanium~ were heated- tbroiu~h
the alpha..beta. trazvsforination., Heating to 1700*F (pure titanium
transform~s at 16150F) was tried an shown in Table IVand JIgaren 27
and ý4, Th~e anisotropy was not removed and the metal suffered a
loris In strength with little or no gain in ductility, The trans.
fo.tination ranize was than examined by the metallogj~sphic methods
ab~eady deseribed (Figure 22), *it was found that the transfor-.
matioxi in coozmeroial titanium was only abc-at 50% complete at
17000? and thbat temperatures of 1750OF or highier vWre requited
ffor fta I tlransformjation* A tensile blank from plate IR was -then
heated to 18000F and the resulting test Showed the circula.7
fraotare In Figure 29(a). This indicated a substantially

-. -~ . i""
~O~1FI~i'IAL15
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and Metallurgioal Examination of Plate ~

aniut.., remnoval of directiona3 properties. However there was
Sreductilon in tensile and yield !strength wi.thout much

-ýa,,ý - ductility as shown below,

Eloniga-
Tensi.le Yioild tion Reduction
Sten S trengt in 4d of Areai

IR 180007I - 77,000 58,,200 22.2 37.4

'¶Thl ;1ecroaEse ini strengt~h assoolated with. ths removal of
I 1e~t ~ua,~~petie ~eobvou~1yundesirable for better

ti. ~* M~old Ott~ tltsd "o .,
th Zhfta1 eturo~w by. cold worki~ag,- eAd &neli

a3~s.'pokeI =its

~1* 1'te wro tpothjji to. Permit 0i4019.tostirlg 'in thze
~b~i~1~w4~t~ga~d furtheretaivatiorz of thoe preferred orlen-

rt±ia ý'fr$. was bae.d *A SIIMin hszdfoeae tests of'a eample
bidet vA40h Waip~sLUoxed so that the axis of the Indente~r wa8
ýmsot&JZ's6ly In the normal, longitu~dinal and trfnsverse, direations
to theplwtee of rolling. West resultis are atuinra!ized beloinr from

Brinell1 Hardnxess Valueaa

T-3.toTreatment Logt~~alTases

None, as reaoivedi. 234- -191 -- 0
Oriented crystal
structure.

Oriettation re- 194 183 17
moved by heating
to 1800 PO air
coal

1L6
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Bealli~tio Test of 5/8* Titaniumn Armor Plates

The plate material as received had a remarkable excess of~ hard-
nes,- in ',Ahe normal direction (across the thickness of the plate).
This alzo correoponded to the direction of projectile penetration
so that a favorable influeace on penetration resistance could be
expected. The excess hardness praotically disappearad when the
orientation was r'emoved by heoat treatmient at 18006F. A minor
Part of the differences In hardness was probably caused by the
mechanical effects of elongated carbidez In the natrix.

Standard Brinell hardness tests were takeu to establish
the average face aiie back hardness of plate 1%, both in the
original condition end after experimental heat treatments,, and
the results are reported In Table Vl. Some minor variations in
hardness won observed which probably resulted from Inhomo-

.ir.4iy in heioa. omposition. Vica'o-hardness surveys taken
tepliA.te also stovm4 local differences in

heib~ss s se'Pl]tted in Figures 31 and 32. The Aigh plateau at
thbe z41it of tha, ou~ve in Figuwe 32 was observed to be related.
-tot-; Se9ObWton.,o?1taA1Vzimorbide porticlos, ixA this area*

-%e 'w3aOf' tonA40W.Imract and et~a ?'.sOW famact
t..t# aVte. rebou4ed "in Tables 4TlU

A *enter sect ion extending halfway across the plate VMS
etched bW two different methods to sho~w segregation and grain
sizev respectively*

The slight evidence of segregation shown in Figure 33-
suggested partial mixing of an inhoaogeneoias melt. Carbon as
titanium carbide was one of the segregating elements but the
differences observed were probably not large enough to affect
the physical- properties seriously,

The maorostruoture in Figare 314 revealed a fairly
-uniform size of grain from edge to center of' the plate,

CONWIDRUIAL 17
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Ballistic Test of 5/8" Titanium Armor Plates
and Metallurgical Examination of Plate 1R

go Discussion

- The best penetration resistance in experimental armor
plate fabricated from commercial titanium metal appears to be
associated with the preferred orientation of~ an equi-axed grain
st~raoture developed by rolling and annealing below the alphambeta
transformation range, In 5/8" Remington titanium plates made by
this practice, the oriented structure had about 10% greater
hardness In a direction perpendicular to the plate surfece with
no reducotion or d'ictility. in directions parallel to the plate
surface. It Is not yet certain that the crptimum or~ientation
eftect ha-s been obtained. If the orientation-was removed by
heating through the transformation range, there was not much
change in tensile clongation but the excess hardness disappeared
so that lower ballistic properties could be expected.

When a final hanneal was purposely oiitted from the.
- ~~flpraotio., the 518" plates-so produced had lowerd

ve ce against 13 shock and against Caliber .50 ammunition0
Te~ia5Lidioate41 that those work hardened plates (A3 and 4IR)
coouA'be baprved by annealing at 1.4500'?.

fte 180plate No* 1D) of dupont titanium was fabricated
befkOr6te tre.atLve value of the 39-alpha oriented structure was
linoift and the plt pobably had a structure tending toward the
W1i6lpha, typo.- AnnealiJag at- 1300'0 did not improve the b0llistic
.Value ofu t Puats.

COIM SIONS

8. a. Against Caliber *30 APM and Caliber .50 APX2 projec-
tiles at F obliquity, the titanim plates tested, at an equiva-
steel thickness from 0.350 to 0.370 inches,, were superior In
ballistic performances to homogeneous aircraft steel armor,
equal to 24S-TI4 aluminum alo~y q~zor, and inferior to face

-hardened -steel1 armor. .

b. Against 20mm HE loaded and fiazed projectiles at 20'
obliquity, the titanium plates tested, at an equivalent steel
thickness from 0.350 to 0.360 inches; were inferior to homo-
geneous and fioe hardened.' steel armor, The overall. shook pro-
perties were equal to those of 24S-T4 aluminum alloy armor in
regard too protection afforded, but 3lightly inerior in regard
to tendency to crack.

CONFI1D1NTIAL is



CONFIDENTLAL - PG RWORT NO. 584

Ballistic Test of 5/8" Titanium Axior p ..
.~i~~etaliu]&al ihiiti3.i~ion of Plat e iR

----- ---- -a - - - - - -eeee eee eee - - -

c. Titanium Is suitable for use as an armor material
insofa as ballistio properties are conoerned but applloations
will depend upon reductions in the present high cost per pound
of armor and upon the poss~iility of improving the present
ballistic quality.

d. A metallurgical examination of one of the better titanium
artwr plates showed a oharacteristic equl-axed grain structure
whioh also had a preferred crystal orientation developed in the
process of rolling and annealing. The preferred orientation
produces maximum hardness in a direction across the thiekness of
the plate and should help penetration resistanoe.

of- The oriented structure was less effective ballistloally
when the plate was finished in the mximum cold worked conditioun
but subsequent experimental annealing restored some of the lost
ballistic quality.

S, h�en the orlentatic ia s removed by transiorming'tha
: •t* •ot at higwi temperature, the resultant structure was
"lurfientt zA stren with indication of voorer ballistial

CONFIDENTIAL 19
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Ballistie Test of 5/8" Titanium Armor Platas
- e and Metallurgioel Examination of Plate iR

tSMWITTED:

Director of Terminal
Ballistics Research

B. W. SARVER
Commander# UStf
Terminal Ballistics Offioer

CONCUR:

Captain, USN
Experimental Officer

APPROVED: W. A. XrTTS 3rd
Rear Aftirai, USN
"Commadeil, Naval Proving Ground

Captain, USH
Ordnance Officer
By direction
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CONFI ITIAL NPO R'0T NO. 5610

-Balietio. 2t , 5/t Titan..um Arm Plates
and Metallurgical l insaluai6n of Plate --1---

0 - - a - S - - - a - - ~5 a -- 5 5- S

hed Sootion Through Round No, 10, 01. ,50 JO A2g

Stuok in Plate, Bas off
Eeaington No, I Titanium Azror Plate, 5/8" Thick,
jtcAt:- -a, 1 pexa; glycerine 1 part.
KaFiifioation: 4 /+

The some field as in ligre 12 exoept taken with
vrtoloal illuaination. The tint dark lines along
the side of the p~oJeotile were paths of •ximum
shMar stress which frequently were associated
-.ýr, the ozanaking shown by the heavier black lines.

P9-40401

CONJIMTMA Sigure 13 AmNDIX A



COF TIAL NPG WORT NO9 584

Baflistio Test of 5/80 Titanium Arnor Plates CO)
and~ttjalu~joalix miratonof Plate lE

Titanium Plate No. If.
Section Through Bass of Round No* 3,
Cal. .50 AW92, Stuck in plate.

Itoh: HF, 1 part; glycerine I part. P*1
Magnifieation: 4X
Vertioal illumination

The fine dark lines around the edge of
the projectile are paths of maximum
shear stress which follow an irregular
pattern. Compare with a longitudinal
view in Figure 13. The dark area in
the core was bakelite filler used in
mounting the spelmen.

N9itani•.. Plate o.4. 1

'Section ThrouA Hole Left by Round
- 'NO. 14, Cal* .30 AN2,p Complete

' .- Penetration

* h ication: 51
z'2`Oblique illuination.

-The hole is lined with a thin deposit
of lead (gray areas) from the lead plug
over the A.P. core.

(b)

CONPID iTIL F'igure 14+ APP2KNDIX A
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CONFIMENIAL NPG IWVORT NO * 584.

Bal~listic Test of 5/8" Titaniu~m Armor Plate$
and Metall1urgical. Examination of Plate 3IR

plastic P9-40617

Section of Edge of Round 5
IMpatD Caliber .50 AM#12
Shoiwing Veining*

,Maptifioation: 251
Etch: 1*17. 2OtW3 In

B' water*

/:.A i 41 or veins in the titanium
~ *~~'-' >~'were pathe of saxaiwa shear

stross fomied during pro-.( S il penetration.

~~9I~Another Section at Idge of
Round 5 Impact Sbiu

Cracks andi Veins.

Magaifization:, 25X
Etch: i0%Br, 20%=3O in

Cracks develo~ped In the
-veinsa where the shear
s tress exceeded the strength
or the me~tal*

(b)

Photwaicrop'aphe Showing Typical Veining Which
Developed in the Surrounding Titeanium Duiring
Projeetile Inpatot

Titanium Plate 1R

COMIIIMMMA Figure 15 APPENDIX A
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COM I~TIAL NPG RF0RT NO* 584

Mllkstic Test of 5/8" Titani~m Armor Plates
end Metallurgioal Examination of Plate lR 001

"16 .50 caAM TemperedC
steel

Til
.4. - . *• ' . " " . 6, .• v 8

:" . .- -*. , .4:.* ... , -. '. . . .

photmirogro•aph showing Tempered Zone
on Sturfaee of Oalo *50 AIW2 Dart Iftbedded* Reminton Noo I Titanium Armor Plate.

180 Thiok, Dark Zone I•ndioates Temperil"
Resultin from Heat Oenerated During Entryof Dat.-Into Plate * See Figure 17 for-
Hardness Tests in this Area*

Magnifioatlon: 1000X
Ztoh: Nital

COO TIX Figure 16 APPDI* A
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Ballistio Test of 5/8" Titanium Lrmr.r Plates
and Metallurgioal Examination of Plate IR

4°
• 983 KIW

980 oM
' • 980 KM•

Cal.*.50 850 KM

Steel 630 KiW
Dart

Titania

Photoniorograph Showing Surface
Softening of Cal* .50 AI-2 Dart
Bbedded in Titanium Armor rlate,

Cross feotion %At Base of Ro-...A No, 3
Stuck in Remin ton No. I T-it-n!.um
Armor Plate5 5/8" Thick •- Kaoop
Hardnesg'In-ntations, -100 Gram-Load.

Magnification: 50OX
Etch: Nital

NP9-40610

CONFILSNTL'IL Figure 17 APPENDIX A
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Ballistic Text of 5/8" T1tanium Armor Plates
Rad Xetelluricl Ezamiratiomn of Plate 1R

O a aa. a - aa - a to a aso- tow t a - a

M,9..40619

Center of Plate

Magnification: 1001

* '0 *Unetobed

Partioles appear well dispersed
and somewhat-elongated in the
direotion of rolling,

(a)

1W9-40620

*. "**'Corner' of Plate

* -~ ' Magnif loation: 1001

Unetobed,

--- Similar to (a) above.

Mioroxtructiare3 IL, Jon~itiidnal Se~ct-ions Shlowin~g
The Distribuition of Titan~um Cezb3.de Partiolts*

CONFBIMITIAL FPIure 18 APPENDIX A



COOnUFMIJTAL INPG WORT No. 584

Balliatio Test of 5/8" Titanium - Plates
and Metallurgioal mauLntnation of Plate 19S- •m - m qm V.m im V.D .• .w - V .p V.m -• V. e - V.

VP9-40621

Center of Plate

0 h~APMOM-fioton; 1001

- Unstohoed

The earbide ereegation parallel
to the plate aurfsoe bas not

• •been broken p oompletely by
-~ rolling*

'. -U

,,,Corner -of Plate
"-agnifloatona. 1001

,aiVd. to (a) abo"e.

(b)

tiorostruotures of Seotions Parallel to the plate
Surfaoe Showing tae Distribution of Garbide Partiolesa

Titanium Plate IR,

CONFIDMNTIAL Figure 19 APPENDIX A
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OON~I~TIALNPG REPORT NO. 564

Ballistio Test tf 5/8" Titanium Armor Plates
and Metallurgical Examination of Plate IR

0, 9-40623
"- &- Center of Plate

-Magnification: bOX

Zt--:3% ,y 'V M03 B20.
* , - . Equi-axed alpha titanium

grain&.
A,-- & grain size #3*.

4 -4

S " -": "{ " : Mai fioatlon: 1Oox

Iwo ,tch: 3% HW, 3% EN H2O
SEqui-axed alpha tiltanium

-4 grains.
".ASg• rain size: 30% #4# 70% #6

(b)

Micr.struotures in Etched Longitudinal Sections
Showing Grain Structure.

Titanium Plate IR

OCNFtIWAIAL Figure 20 APPW 0X A
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Ballistle Test or 5/8" Titanium Armor Plates
and Me&tal-=61o8l Examination of Plate iR

S/1" . N9-40626

* Center of Plate

- * I )agnifi eation: 1001

Et-h: 3% H?- 3% EI...N.O,,

,- • ,. .q-ed alph- tltm

._4 / " '•\ .,X•"'U.'

• I .�. -.P9404,62?

S ' 1 -- Corner of Plate
'. ... / .. .- • v. ,

"al,.ifoation: 100Z

"Equi-aeed alpha titanium

/ I. ,

(b)

.rain Struoture in Etohed Sections Parallel to
the Plate Surface,

Titanium Plate IR

CONFIDEThIAL Figure 21 AIP"NDIX A
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~rP~0-4.52

4 -4

1700 'F
50% Trandwomad

0-4.52
RA3 7.3

rM*F $800OF
W0% Trwfowwn" 100% Tronsfc-ned

0-4.52 D - 4.52
RA 57.7 RA- 58.i

ALPHA-BETA TRANSFORMAT ION IN TITANIUM PLATE I R
SAWPLES HELD 10 MINUTES AT INDICATED TEMPERATURES AND WATER QUENCHED

DENSITY 'V0 ROCKWELL A HARDNESS SHOWN UNDER PHOTO.AGROGRAPHS.

MAGNIFICATION - 250X ETC,'1 -c '.8"V

UP9 40390 CONFIDENTIAL
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Ballia•to Test of 5/8" Titanim Aror Plates
and Metallurgioal Examination of 2late IR

SB , ,e . " ...... ...... .

¥ ' ""

a' ~mr * NP9-40629

TitaAim Plate 11
* • Material as received.

S•agn.ificoation: 250X

"". ,toh:
• - - 1,• . .

Equl-axed alpha grains.

. •

(a)

~ ' 1W9-40630,

Saiele bse o100
~P '> for12mntsai

q2. f~~j~ agziifioation: 25OX

Itch: "3" Solutions

The grain boundarle'g were

A-f -t axed alpha. The parallel
N; structures within th.

. ~grains were Wicimazastdtten
.,alpha developed by heating

in the transtornmtion
zaw ranges

(b)

COW IIENT1AL DFigurp 23 APPINUIX A
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Bailisitio Test at 5/811 Titaniumi Armor Plates
and )keta~llugioal Examiuatimcrf-o -M2te 1R -

Titanium Plate iR

or 12 minutes and qusnchod
in ater dtv100F

Magnif icati on. 25OX

Etoh: NB" solution,

The white areas were the
original oqul-axed alpha.
The fine pare ' 1 structuares

developed by rapid cooling
fmwithuin thes transfor"

mation. ransei See belowi,

A- NP9.'40725

Sw esampleoaslin ()
*zabove'ý

lmagn~ifioatlonir IOOOX

-/ Etch: ffC" and "B0 solutions*

- Details of the fine
I,' ~ 'Widmanstittenx strunture

/ ' ere resolved at higher
znagnAifiation,

(b)

CONFIDENTIlAL Piur 24 APMI A
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Baflistlo Test of 5/8* Miad=iu Armor Plates
-. and Metalliargloal Examination of Plate 1!

v NP9-40726

$1 L.z 4 l Titanitum Plate IR
~ - ~ Sample heated to 18001F for

10 minutes and cooled in air.

'o* 4" )sagnifiloation: 500X

A Etoh £ *0' and &BO solutions*

-A ooarse Widnaxistiltt~ alIoba
struot'are developed by beating

1,formation rwen NA air oolS1ne1
Tte orlna~nl 9Jwedgrains

TitW~~i VIA%* W:

StAs seebood Maiple 'near'

'oii 3 Ca 4bo 50 3ntrtn

\N'~~3~ Parallel lines Mrqpseznt
twinninig in equl-axed alpft
grains caused by deformation

N ~of the metal during p~ct~
penetration,

(b)

COEII3IIAA Figure 25 APIENUEX A
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LONG, TRANS

coRmM OF PLATE
(CODE i-RI)

MATERIAL AS RECEIVED

OENTE OF ?LTET
- COIU IRO)

MATERIAL AS RECEIVID

GORNIR OF -PlAUE
(00DE 1E2)

UZAT TRWEDM AT NN,.
1700*P IOR 12 VIES.

AIR --OOL

CORNE 0? PLAT1E
(CODE 1113)

NEAT TREATED AT Nft'
1700*1 FOR 12 MINS.

WATER qUMIOH

BROKMM TENSILEC TEST SPICIIENS SHOWING ELLIPTIC&L
IRAQ .?U11 WITH )MJOR AXIS PZRPINDICULAR TO WURACZ

OF PLAT39
RM3IIWGON No% I. TITAN!Ir AM~OR PLUTE, 3/80 THICK

SCALE: AMTAL 81:2

WP9-4.0762 CONFIDINTIAL
Yigure 27
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Pil1istic Test of 518" Titannliu Anmor P).ateu
and )&.tealwurioaa kiazird i~bpi of ?1~te 'IN

-Brcokn 1oneitUSAbip"Wbla1enalle test
spec lue sOW~tAg OirculAz fwaot'uwe
after beatlng to -800.7 top
10 alwitev, and alp ooollng*

Sel:At1 siz

NIP9,04Q608

Broken O~a~y V.WO~qh Ijpaot T)est Specimons-
showing R8latively Smoot Tye of F*'aoture

Remington No a I Titaniumi Armor Plate1 , 5/8"'
thick

CO M AW 29 N I A



MOWT~IAL NPG WORT? iqo 584

Ballistic ?.st of 5/8* Mianid= Atma plates
and ketallurgioa2. Examination or PlAte 1R

(0001)

(ftwo "AW 3tt~botre at MvtiU1

zgUzsong CloseaPaolw4 C27stal 8trutuoiea

Alpha Uitawims oqytallLi.s iz this type at structure,

The =is *all is "epreswnted by apheres(left) annd a

3P9406iS

I'FIMLI igure 3 0 APPMINDX A
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COnFIMMntAL iPG W•PORT NO. 584

Ballistic Test of 5/8" Titanium Armor Plates
and Metallurgical Examination ok Plate 1R

- - ~~~~~~~- -. - - - - - - - - - - - ------------

3enter

I II.

II -Idge

MLaoroetched Seotions Extending from Center to Edge.
.Remingtou N, .I -Titanium A•or Plate, 5/8" Thick.

Etoh: Boiling 50% HOL
Mazniftoation: 2x

Strep~ka indioate slight segregation.

NP9-40615

0ON"IZI IAL Figure 43 APPENDIX A



CONtI•NTIAL NPG REPORT NO. 584

Ballistic Test of 5/8" Titanium A.or Plates
and Metallr'gicoal Examination of Plave IR

enter i

II

11 Edge

Macroetched Sections ECxtending rrom Center to Edge-

Remi.ngton No.-l Titanium Armor Plata, 5/8" Thick.

Etch: 1,5% .. F. 3% HNO 95.5% i2 0-

Magnifioation: 2X
Same as Vigwe 21t, etebr to sho1cw grai ..iS

"N9-m4.0616

COF1D"TIAJ rFigure 34 Ipp=".
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C0NThIAL "NPG REPORT M0, 584
Ballistic bat of 5/8" Titanium Armo" Plrtos
and Watallurxioal Exabnatio-i of Plate 1R

TABLE I

Summary of Ballistic Rosults

Cal - .50 AM - .. biuit

Mfrs, "Vnim "Vp5O"

NPG Plate lmit limit
No. NIo. * e' e /d ft/tso. ft/seo. F(o'/dO)* Remarks

3k 364 .613 .352 .824 1709 1701 66#000 Petals off Saew
Impacts.

2R 414 .623 .358 .838 1688 1678 84,600 Mlight spall or petals
out most impacts.

an 415 .620 .356 .834 1598 1561 60,200 1-1/4" back spall,
3 Ilpaots.

3R 418 .620 .356 .834 1655 1691 65,200 Petals off sam
Annealed Imaeote.
Qk 407 .622 .357 .836 1646 1565 60,*4f.0 1 $pall somf impacts.
4R 407 J2 .367 .836 1642 1630 62,800 Slight spall, petals
" •ded out.

SR (a) 428 .69 .H44 801 1683 1620 63,800 Petals out some
inpacts.

(b) 428 .598 M 6801 1611 1630 64.200 Duplioate test.
ID .648 .372 .871 1641 1638 68,100 1-1/4" baek spall

4 Impacts,
ID --- .648 .372 .871 1816 1538 58,100 Large Spall some
Annealed Impacts.

- .. ~~~ - -a. C - - - --- - - -- -- - - a a - - a - -

_Cal 6 .30 AM• _- 0'* Obliquity

1R 364 .613 .352 1.44 2212 2212 69.600 Petals off some
impacts.0

2R 414 423 .358 1.48 2294 2303 72,000 Petals on, generally.
3R 416 .620 .356 1.46 2316 2316 72,300 3/4" spall most

4R 407 e622 .357 1.46 2328 2328 72,800 i/4# spe,1 acme
impacts.

4Q 407 .622 .357 1.46 2274 2279 71,200 ,Mo!ht $pall.
Annealed

ID .648.372 1.52 2357 2349 71,900 5/8" spall most
impacts.

ID -- .645 472 1.62 2357 2357 72,100 $pall mcst impact,.
Annealed

* Calculated from VpSO limit.

cc1".'~1 TVIDETU? 1 APPENIDIX B
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CONPIDE?4TIAL 2110 REPORT NO0. 584
Sallistio Test ot, 5/f" Titanium Armor Plates

eatid Xbtall wgivz! 2zmainat ion of Plate IR
-~~~~ a - - -- -- a - - - - -S SSS

TABLE I (qoqtf~d)

Mfrs. "'Vpuieu
NPG Plate LiMIt
so". No* *I ;N1/aoem Remarks

20WM B M cZObW2-O lute 200 Obliguity

IR 364 0362 2

2R 414 0358 Not Tested

3R 415 .356 2298 Thru cracks@

42 407 .367 "2325" Lonig thru directional cracks

amD .w 372 Hlot tsted

CORM1ThNIAL 2 JJMNDIX B
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C(1?IT2NUIAL - NPG REPORT NO. 584
Ballistio Tees of 5/8" TUt&aium Armor Plates

S.... -....- and 16tallurgical Exmnnation of Plate IR

TABLE V

Direotional Fardness Propwrties in

Titatm• AUmor Plate No. IR, 5/8" Thick

Brine1 THrdn•ss Values
(300kao - 15 Saco)

8s•qple : • P.aci p, Longitudina. frnsvorse
Location Treatment •aok•-*k(l)Sootion (2) section (3)

Center of Wone, as receivd 234 191 201
plate 4

. Center of ZIVOO"F kor ýO mins.,, 194 183 179

S- (1) Axis of indete-r perpE- lar to plate surfnaee

6rIi plan ,~of plite and perpondi oular to tj~a
"4"reatin 6f rolling' ,

(3) Axii at Indenter- $a, plmne otfp2ie itud paralle 1.to tbao direction
o. f roll•,g..

O tE APProximateLly IM maok4~ed off face and back 4urfaoes before testirg.

CONFlDENI!IA AMfNDIX B
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CONFIDENTIAL NMO REPORT NO. 584
ftlliwbio Test or 5/a" ?ltanA~m Armor Platee
and Ibtallurgizal Exemination of Plate IR

- - -

TAKLE VI

Hardness Tests an Titani~um Armor Plette
So. IR, 5/8" Thiok8 Takcan WM! Mhe 7Indenter

Nowuial to the Plate Surfaice

-A* Waterlal -as Retoeivbd I

- Iktificattion Nte'ýBckAeig

,Cen~ter Of plate 229 25::2a.

Cormer a ot.plats 22335

qormor 6 **41 ofp'. ~~228 "?- 230
WrA Avvrage ;

Be "I'pwm~aw ia Treatsont. at yrrG

Air vool 226 228 22?

17000F for 12 Minos,,
Water quench* 2282322

180007 for 10 nama.9
Air cool 197 191 194

Notest ApprxImately 1/32" machined ort surfaces before testIng.

CC1WIDFjNTIAL tJENI B
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CONKI1WNTIAL I4PQ REPORT NO. 584

Balllstic lest ot 518" Titanium Armor Plates
and Metiýllurgicail Zzamirnation of Plate IR

lMstallographi o Technique for Tit'anium
U.3, Niaval Proving GrouInd

A (

The examination of complex structures in titanium neoessi- Vi
tates 'specidl care in the polishing and etching of Metallograýhio WE
specimens as outlined below, T)

* ing& A small specimen size of loes than 1/1+" squar~a tacilli
* po~lishing. The cut-oft whoel should be relatively soft;

Merican Instrument Comnpany wheel Ko., 5-2212 bas proved satig-
factory& Hakelite is; used for mounting because it does not orack M
on 0001flg,

n11sivw'.: he,.mo,.m-rd spedimer, is first ground ork-a clean
&FIT m'i Ivan wet belt* After the wet belt.. the apeotint

ine.T-poliahed on emery paper ranging fr'om #2 dow% _through #)000
'Paper in preferred' over lead laps because the latter causes
-4ragginW' and piliz* V_ of the. -removed metal.'

~110wRgthe 14OO emry paper, .the specimen 'is 1polsbed
0241C iz~k~ ollt~h -usng S~o* 600 oarborundw= grit. After the
:.b-o* aaoe made It the early stepes of

a "lis~ng o ntinued for approxivately one,
minue toremove morked metal that mietit be present before

proceeding to the next wheal* Here again silk U~ imed with a
Not 900 grit (Preoalidonite #3,following the same procedure
as on the 600 grit whee'l.

The Intermediate polishing is doneO in two steps, with the
first on a Osmal olotki using NThS #14 diamond abrasive to give a
flat surface by elaimimtng carbide relief. NBs #6 diamond
abrasive or. Qmal cloth is uso4 in the second step*. The fiunal
polishng Is carried cut with &Aheva abrasive on Oamal cloth,..
The specimen shouild be polished and very lightly etched from
one to three times uutil aill worked metal is removed..

Eth~S A good etoh for removing worked metel oonsiest& of
Ie"WTM and 3% HM03 in water, This etch is also used for
revealing the graini boundaries in equi-axed alpha tibanium,
All etching solutions are applied wi th a c otton swab because
ai satisfactory etch can be obtained only "by a vigorrous rubbing
action.

~C~FZ~TIL IAPPE11DIX C



P CNFIITIAL NPG R TPOI NO. 584

Ballistic Test of 5/8" Titanium Azmor Plates ALXXX
and Metsllurgical Examination of Plate IR WORM

SM -m - 4W 40 W m 0 , HAROEN

QUtENCI

DRAW

A combinatti"on ot two etohing solutions gives the best
results with Wilmanstatten structures in alpha titaniu•. The GAUGE

"B" etol(1)consists of I part HP and I part glycerine. The PROJ.

"0" etoh(2)oontains 1 ml2 F, 3 mI*HNO3 , 3 grams Pb(N0j) 2 and GUp

95.5 ml. water. The procedure in using these etches 3s to RANGE

first etch mith "C" for 5 to 10 seconds by swabbing, wash in __L.

warm water rubbing with cotton, flush with alcohol and drye, RC

The "B" eteh is then applied for 3 to 7 seconds by swabbing, --
followed by a water wash, flushing with alcohol and drying. "I

Yetallograpky References:

(1) Optical Metallography of Titaniua, Wo T, Finlay,
T, Resketo, and e. Bo Vordahl -Industrial and,
Unieerirg ChealstUp WolU - -- __M80£

(21 Eetallopraphy of: Zirconium and Zireonium Al.ys-,
A. i. Roberson, ta~rge Vol0 5§, NO* 5
"r, 66? (November.-191+9)..

.,7

y/t

/ '
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(30".1 flMWIAL JqPG MR~ T VD. 5 4.

ft~ifttivT-VeSt of 5/49'" V.t ni?. Armor Plates
aud Met~a11uzioal Eyramirwatior of Pla~e 1R

~~ - a, aft a0 som .0 aý OV a* --. an W- W aa, - - - a

1* In the penetrti~bon tests witha armor pleraing pnoJectiles
perrozmed heroin,, the veloolt¶,of each SImpact was meaawred and
the t"o roflow4y* be11ist1 m~~t evalu~ated,

TUBz Us1t is the averms of the valocitles 2C.4
-(a) the 3.owot V4190ity 1upaat "Using a Ooftvute

~ti-Ation .u6 (b) the inpaot with the tiext loweri

!&ia ~to ~ ~ aad ~s *"ua~sV2

Iftl"tt atVA~b or Vf DOU0 wtill

d to,~t beeOsm

3. AIVQ_#iOA taliwo WS comt~wc to bave soumd
16 at th6 plate at ptoojeti1 Pngtftat94 a 01020

LS 04191 IM2 VU44Aparallel. to the m aA

3.M DPENTUDI E



Dallis~tic Test, of .5/6P T~itanium ArM~CT PIt~Or
and L~etall-argioal Zxzaaination of' Plate IJx.

4,* ThaŽ following frz-ala in usod to dote'mine thoc xliaa
iLj.Oteation limit Velocity 'Mvp5o":'o

"1ji5O* snana p1'otoion 11at velocity,,

z- T the ua 'Of the Tolooil~es of the U,'ýaaO

VI.~ o*w r. vwv.er'

*~~~-w -c$a Ofiops ,a

40)R itdfndasfhos

A~15 0ii pr osation sass in powida s otained InCa
piweOUttiO14. testsi W eoloolty in fe t6po BGofl ho bu

p~at3 tbokn is in inolb, ied as 1.7 tlrAoolxt

dintr fteprojeotilo. inp inc punshe5.,sj

rotouFDtion 2ii velocity In fetprscoa _tooW.~ut

to~ ~ ~ th nl eve oma otepaeadt
ef Ln- 

01' 
7 

, "



MPG rKOu3Or, 10, 581
Bailiftia That or 5/a" Titadgiim gri'm0"rpuates
s.d Uetml2Aargical ExaRminatie11 of klate, IR

6.The c~ateristlces *f the am=i~ pieroing Xoeotilom
used in-the penetr'ation mesi aro sui~arized1 in the f'ollowing
table:

P3rojeatiU Average Wai~t in lbs. with~out )I/d3 ija

Oal* Coo AMa 012444 - 0120)4 1425

Cal' *50 AM,2 01427z *05600 1241
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CONIDUWTIAL NG RV0RTI NO. 584

* ~Ballistic Test of 5/8t1 Titaniumi Armor Plates
and Metalli'ugioal Examoination of Plate iR

w qu w s a s oft- u as is is ý ft ". -Op ws u

Biaeau of Ordnnen:

Ad3
FA~a 2

NAw Renammoh Section library of Oonaress,
v1ea4b4ýngtoA 250, D, C% (via BtFMR)R 3a) 2

Kwava1 Oa= lrao twty

**&I- Reeiar~k Laboratory 2.

b Ctuo Aeronautios

'30"On ofSus
11mhef Of t n~. LO.sia4~mt OC thO 4L-A

QenealAbordiee Provinj GVouud,

Attus %ahniee' a3.noxma~or Seotion
Develo~peut and4 Proof Ser~vic~es3

Watsrvto'rn Arseals, WIatrtaouut Naafaekiette I

hrwfau Ot Mines Baste=v zXperiuent station
Colloge ]Parks Ma~ryland
Attn: Mr. lamem Rs Long

(vi.a Inspector of igaval Material#
4.01 Water-Street ,
Baltmores, KaylanA) I.

Local:

TO I
TL

File

COVIIfTthL APF5ýi0lX F



22/2 STI-ATI-204 W99 ~
Naval ProvIng qtotimd, Dablgran, Va

(UNCLASSIFIED T•Js) BALLISTIC TEST OF 5/8" TITANIUM
SARMOR PLATES AND MJETALLURGICAL EXAMINATION OF PLATE

(0 ~ IR - FIRST PARTIAL REPORT ON LIGHT ARMOR,TITANIUM.
First Partial Rpt. 17 July 50, 20p. (NPG Rpt No. 584)

SUBJECT HEADINGS
A DIV: Ordnance (22) Armor plate - Physical--

SECT: Armor(2) properties
0 •.Titanium - Physical

properties

I (Copies obtainable from ASTIA-DSC)
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